The mode locking of a Ti:A1 2 0 3 laser with a moving extracavity mirror is described. With no active mode-locking element and with no nonlinear element in the external cavity, pulses of less than 40 psec have been directly generated from a cw laser. A possible mechanism for this novel mode-locking technique is discussed.
modulation has produced pulses as short as 6 psec,l however, and the recently developed techniques of nonlinear external-cavity feedback and additive-pulse mode locking 2 -6 (APM) have generated femtosecond pulses from a number of solid-state laser media.
Subpicosecond pulses were generated directly from a Ti:A1 2 0 3 laser, for the first time to our knowledge, using an actively mode-locked laser with an optical fiber in the external cavity to give pulses of 770-fsec duration. 7 A contemporary and parallel investigation 8 gave pulses of 1.4 psec from a similar laser. When the acousto-optic mode locker was switched off, this laser produced chirped pulses of 2-psec duration that were compressed to 200 fsec by using a pair of extracavity diffraction gratings. 8 This was the first demonstration of a self-starting cw laser, passively mode locked with a nonlinear external cavity. We now report here on the mode locking of a cw Ti:A1 2 0 3 laser containing no acousto-optic mode locker and no optical fiber in the external cavity. Figure 1 shows the experimental configuration. An astigmatically compensated laser cavity (M 1 -M 4 ) with 10 -cm radius-of-curvature folding mirrors (M 1 , M 2 ) was used together with a pump-beam focusing lens L 1 of 10-cm focal length. Except for mirror M 3 , the mirrors all had dielectric coatings of 100% reflectivity, and the laser was tuned using a Spectra-Physics dielectric tuning wedge. The laser rod was 22 mm long, and, with a 4% output coupler (M 3 ), slope efficiencies of up to 16% were achieved with a lasing threshold of 2.5 W, pumped by the all-lines output of a Spectra-Physics 2040 argon-ion laser. An external cavity, of nominally the same length (75 cm) as the main laser cavity, was added, which comprised a beam splitter BS with 34% reflectivity and an aluminium high reflector M 5 . Mirror M 4 was mounted on a translation stage, and mirror M 5 was mounted on a shaker (Bruel and Kjaer 4810) of the type used in a conventional scanning autocorrelator. With mirror M 5 stationary and the laser excited with approximately 5.5 W of pump power, it was observed that when mirror M 4 was translated manually, the laser output exhibited a mode-locked pulse train. This effect was observed only while mirror M 4 was in motion.
To investigate this phenomenon further, mirror M 4 was then left stationary and mirror M 5 was translated periodically at a frequency of -25 Hz with a maximum displacement of -1 mm. With a fast photodiode, mode-locked pulses were again observed-this time in trains of -20-msec duration as shown in Figs. 2a and 2b. The upper trace of Fig. 2b shows the signal driving the shaker, and the lower trace shows the pulse train on a time scale of 10 msec/division. As shown in the lower photograph, the pulse trains appear to decay and build up some time after the shaker mirror is stationary at its maximum translation points. The frequency and maximum displacement of the mirror motion were varied, and optimum mode locking was obtained for those values that corresponded to a maximum mirror velocity of approximately 0.04 m/sec. A continuous increase in the velocity of the mirror through -0.1 m/sec resulted in a reduction in the length of the mode-locked pulse trains followed by the onset of Q switching. When the mirror velocity reached -0.15 m/sec, the mode locking disappeared completely. relatively poor quality of our laser crystal. Mode locking was also observed with M 3 reflectivities as low as 80%. With an M 3 reflectivity of 96% and a beamsplitter reflectivity of 34%, total average output powers of up to 1 W were obtained from the beam-splitter outputs for -8 W of pump power. A study was made of the dependence of the modelocked pulse duration on the cavity mismatch. With mirror M 5 scanning at 20 Hz over -1 mm, mirror M 4 was translated and the pulse duration was monitored using the fast photodiode and the sampling oscilloscope. The results, which were approximately symmetric with the cavity mismatch, are displayed in Fig.  4 . At exactly zero displacement (arbitrarily defined as the minimum of the curve) the mode locking disappeared, but a translation of M 4 of only a few micrometers would restore it.
In some ways this research is reminiscent of early experiments to mode lock lasers by using moving cavity mirrors, e.g., Refs. 9 and 10. This experiment is significantly different, however, in that it incorporates an external cavity.
With no nonlinearity in the external cavity it would initially appear that APM is not the mode-locking mechanism, although it is possible that some self- The temporal behavior of the laser output was analyzed using a sampling oscilloscope and a synchroscan streak camera optically driven using a tunnel diode oscillator. Pulse durations as short as 38 psec were measured from the typical streak images shown in Fig.  3 . Although the synchroscan measurement demonstrates the high stability and reproducibility of the mode-locked pulse trains, such a measurement represents a maximum value for the pulse duration. This is because any jitter or time evolution in the pulse trains is integrated by the streak camera, resulting in a broader recorded pulse profile. Use of a shutter in conjunction with the streak camera with an opening time (5 msec) much less than the duration of the individual pulse trains, however, yielded the same values for the pulse duration. This observation, on the other hand, still does not give any information about pulsewidth evolution or pulse-to-pulse jitter on time scales faster than the shuttering time. In the frequency domain the spectral width of the laser output increased from <0.03 nm (the resolution limit) to -1 nm. when the mirror M 5 was moved and pulses were observed. Spectra were recorded over milliseconds and so represented a time average of the evolution of the true pulse spectrum.
In contrast to the duration of the mode-locked pulse trains, the pulse width was found to be relatively insensitive to the frequency or maximum displacement of the mirror motion and also to the pump power. phase modulation may occur in the laser rod. The need to sweep the cavity mismatch continuously also suggests that the APM model is inappropriate. A mechanism that may be relevant is that discussed by Kelly," who numerically investigated the influence of a linear external cavity on a synchronously pumped color-center laser. He showed that the initial stages of pulse evolution in the laser could be strongly perturbed by the external cavity. This observation was explained in terms of a beating between the different frequency modes of the radiation in the laser and external cavities. The beating was possible because initially the radiation in each cavity could evolve differently. Once a steady state was reached, however, the separate evolutions, and hence the frequency beating, were no longer possible. It is suggested that this mechanism may contribute to the start-up of the passively mode-locked APM laser of Ref. 8. For the experiment described here it is surmised that the mode locking may originate from, and perhaps be sustained by, a beating between the fields in the laser and external cavities. In this case no steady state is achieved because the motion of mirror M 5 produces a continually changing phase difference between these fields. This results in an amplitude modulation when they interfere in the laser amplifier. The time dependence of this amplitude modulation is related to the motion of the scanning mirror and, for the mirror velocities given here, would produce an amplitude modulation with a period comparable with the upper-state lifetime of Ti:A1 2 0 3 but not with the cavity round-trip time. Clearly this is too slow for conventional amplitude-modulation mode locking, and a further mechanism for the pulse formation is required. One hypothesis is that this modulation may produce Q switching, which could result in intracavity intensities reaching levels at which self-phase modulation in the laser rod can provide a nonlinearity to couple the laser modes together. The mode-locking mechanism may be similar to the APM of Refs. 2-6, but there are clearly some important differences that are yet to be understood. At present this is just a tentative suggestion that we believe may provide an insight into these interesting and somewhat surprising experimental observations. Experimental and theoretical studies are currently under way that will, we hope, clarify the mode-locking dynamics.
In conclusion, a novel mode-locking technique has been demonstrated that employs linear external-cavity feedback with a moving mirror. Mode locking has been observed only for a limited range of mirror velocities. Pulses as short as 38 psec in duration have been generated from a cw Ti:A1 2 0 3 laser by using this method. A tentative explanation for the mode locking has been proposed that involves a beating between the radiation in the laser and external cavities. This method is applicable to other solid-state laser systems, including fiber lasers. We have recently mode locked a neodymium-doped fiber laser in this manner and are currently investigating the mode locking of erbium-doped fibers in which soliton shaping should further enhance the pulse compression.
We have recently observed mode locking of a cw Ti:A1 2 0 3 laser with no external cavity but with a moving cavity mirror. In general, however, the pulse trains are much less stable than those reported here, and the necessary pump power levels and mirror velocities are different.
